Iron -sulfur (Fe-S) clusters are ancient enzyme cofactors found in virtually all life forms. We evaluated the physiological effects of chronic Fe-S cluster deficiency in human skeletal muscle, a tissue that relies heavily on Fe-S cluster-mediated aerobic energy metabolism. Despite greatly decreased oxidative capacity, muscle tissue from patients deficient in the Fe-S cluster scaffold protein ISCU showed a predominance of type I oxidative muscle fibers and higher capillary density, enhanced expression of transcriptional co-activator PGC-1a and increased mitochondrial fatty acid oxidation genes. These Fe-S cluster-deficient muscles showed a dramatic up-regulation of the ketogenic enzyme HMGCS2 and the secreted protein FGF21 (fibroblast growth factor 21). Enhanced muscle FGF21 expression was reflected by elevated circulating FGF21 levels in the patients, and robust FGF21 secretion could be recapitulated by respiratory chain inhibition in cultured myotubes. Our findings reveal that mitochondrial energy starvation elicits a coordinated response in Fe-S-deficient skeletal muscle that is reflected systemically by increased plasma FGF21 levels.
INTRODUCTION
Enzyme cofactor deficiencies underlie many of the world's most prevalent diseases. In recent years, Fe-S cluster deficiency has been found to underlie the pathogenesis of a rare and unique set of human disorders that includes Friedreich's ataxia (1), sideroblastic anemia (2), several severe infantile metabolic syndromes (3) and a rare mitochondrial myopathy (4, 5) . 'Myopathy with deficiency of succinate dehydrogenase and aconitase', also known as ISCU (iron-sulfur cluster scaffold homolog) myopathy, is a rare autosomal recessive Fe-S cluster deficiency syndrome found mainly in individuals of northern Swedish descent that is characterized by life-long exercise intolerance (6, 7) . ISCU myopathy is caused by deficiency of the Fe-S cluster scaffold protein ISCU, which works in concert with the cysteine desulfurase NFS1 as well as the proteins ISD11 and frataxin to catalyze the formation of nascent Fe-S clusters for transfer to recipient apo-proteins (8) . The symptoms of ISCU myopathy appear to be restricted to skeletal muscle due in part to tissuespecific mis-splicing of ISCU mRNA (9) (10) (11) , which renders Fe-S cluster-dependent enzymes in muscle unable to recover from oxidative stress because of ISCU protein deficiency (11) .
Trivial bouts of exercise in ISCU myopathy patients cause dramatically increased heart rate, dyspnea, muscle fatigue and lactic acidosis (6, 12) . Calf hypertrophy is frequently observed in ISCU myopathy patients (6, 13, 14) , and many individuals have experienced activity-related episodes of rhabdomyolysis and myoglobinuria (6, 15) . Skeletal muscle biopsies from ISCU myopathy patients have revealed biochemical hallmarks that are also found in other Fe-S cluster deficiency diseases, including deficiency of critical Fe-S cluster-containing enzymes in the mitochondrial respiratory chain, as well as insoluble mitochondrial iron deposits indicative of chronic mitochondrial iron overload (13, 16) . The most striking Fe-S enzyme deficiencies in ISCU myopathy are found in aconitase and mitochondrial complex II/succinate dehydrogenase (SDH), where normalized enzyme activity values were reported to be just 10-20% of healthy controls (13, 14, 17, 18) , though milder deficiencies in mitochondrial complex I and the Rieske protein of complex III were also reported (13, 17) .
In this study, we evaluated global changes in gene expression in ISCU myopathy patient muscle biopsies in order to explore the structural and metabolic responses to mitochondrial energy deficit caused by chronic Fe-S cluster deficiency (Table 1 ). Our results demonstrate that Fe-S cluster-deficient human skeletal muscle shows unique features that include some similarities to the physiological remodeling seen during endurance exercise training. Additionally, we found striking induction of starvation response pathways that were originally described in liver, including increased expression of ketogenic enzymes and the secreted hormone fibroblast growth factor 21 (FGF21).
RESULTS
The muscle respiratory deficiencies in ISCU myopathy patients are attributed to deficiency of Fe-S cluster cofactors due to depletion of the Fe-S cluster scaffold protein ISCU (4, 5) , and the disease is restricted to skeletal muscle due in part to musclespecific ISCU mRNA mis-splicing and ISCU protein instability (10, 11) . Northern blot hybridization of 32 P-labeled antisense DNA probes with total RNA isolated from vastus lateralis biopsies from healthy controls, ISCU myopathy patients and several un-related mitochondrial myopathy patients revealed decreased expression of the normally spliced ISCU mRNA (Fig. 1A) in the ISCU myopathy patients, as well as expression of two patientspecific mRNA splice isoforms ( Fig. 1A and B) that have also been described elsewhere (11) . Abnormal splicing of ISCU in skeletal muscle led to deficiencies in the activity of the [4Fe-4S] cluster-containing mitochondrial and cytosolic aconitases (Fig. 1C) , as well as depletion of the Fe-S cluster-containing mitochondrial SDH/complex II subunit B (SDH-B; Fig. 1D ), thus illustrating some of the most prominent biochemical defects in these ISCU myopathy patients.
Global gene expression analysis in ISCU myopathy patient muscle biopsies
We performed microarray analysis on ISCU myopathy patient muscle biopsies to identify transcriptional modulation of pathways involved in the cellular response to Fe-S cluster deficiency. We included RNA samples from five healthy control individuals as well as three unrelated ISCU myopathy patients (Table 1) . For subsequent quantitative real-time polymerase chain reaction (qRT-PCR) analyses, we also included muscle biopsy RNA from a healthy heterozygous offspring of one ISCU myopathy patient, and RNA from five additional patients affected by unrelated mitochondrial myopathies (Table 1) . These patients had heteroplasmic mtDNA mutations causing either selective deficiency of complex III (attributable to cytochrome b mutations in two patients, denoted as light green symbols in the figures) or deficiency of multiple respiratory chain complexes, especially complex IV (in two patients with mitochondrial tRNA mutations and one patient with a single large-scale mitochondrial DNA deletion, denoted as darker green symbols).
Analysis of the microarray data using iProXpress, a tool for exploration of large-scale expression data (19) , suggested that there were alterations in oxidative phosphorylation, glycolysis, fatty acid metabolism and peroxisome proliferator-activated receptor (PPAR) signaling in ISCU myopathy patient muscles Table S1 ). DAVID ontology analysis demonstrated that a large number of mitochondrial genes were up-regulated, whereas groups of cytoskeletal genes responsible for muscle contraction were down-regulated (Fig. 1E) , likely reflecting the changes in the proportions of muscle fiber types (discussed below). Finally, Ingenuity Pathway Analysis also indicated remodeling of glycolysis, oxidative phosphorylation and fatty acid metabolism, the latter two of which were largely up-regulated (Fig. 1F) . Subsets of the genes representing these functional pathways were selected for analysis by qRT-PCR and other methods reported below.
Up-regulation of key iron metabolism genes in ISCU-depleted biopsies and cells ISCU depletion results in deficiency of Fe-S protein activities, altered cellular iron homeostasis and mitochondrial iron overload in cultured cells (20) and in affected ISCU myopathy Figure 1 . Phenotype and global gene expression analysis of ISCU myopathy patient skeletal muscle. Northern blot analysis: ISCU-specific 32 P-labeled DNA probes specific for exon 2-4 sequence (A) or ISCU intron 4 sequence (B) were hybridized with control and patient vastus lateralis biopsy RNA, demonstrating normal (I) and additional patient-specific ISCU mRNA bands containing 100 bp (II) or the entire span (III) of ISCU intron 4. (C) In-gel activity assay demonstrated that mitochondrial (m-) and cytosolic (c-) aconitase activities were decreased in ISCU myopathy patient muscle biopsies. (D) Protein levels of the Fe-S cluster-containing SDH-B subunit of mitochondrial complex II were decreased in ISCU myopathy patients. Informatics tools were used to identify cellular structures and processes that were affected in patient biopsies based on microarray gene expression analysis. (E) The DAVID bioinformatics tool identified sub-cellular structures in which organelle-specific gene clusters were significantly altered in patient biopsies. P , 0.001 for all groups shown. (F) Gene clusters representing significantly altered cellular processes were identified using Ingenuity Pathway Analysis. At least 20% of the genes in each functional group shown were significantly up-or down-regulated. patient skeletal muscle (4) . Our microarray analysis suggested that expression of several iron homeostasis-related genes was altered in ISCU myopathy patient muscle biopsies (Supplementary Material, Table S2 ). qRT-PCR confirmed that expression of the mitochondrial iron importer mitoferrin 2 (MFRN2) mRNA was significantly increased in the ISCU myopathy patients (Supplementary Material, Fig. S1A ), as was expression of FBXL5, the ubiquitin ligase responsible for targeted degradation of IRP1 and IRP2 (Supplementary Material, Fig. S1B ). Moreover, two enzymes involved in sulfur metabolism, namely TST (rhodanese) and cysteine desulfurase NFS1, were also significantly increased (Supplementary Material, Fig. S1C and D) , as was ALAS1, the initial and rate-limiting enzyme in heme biosynthesis (Supplementary Material, Fig. S1E ).
ISCU myopathy patient muscles experience a chronic state of Fe-S cluster deficiency (15) . In order to assess differences in gene expression between chronic and acute ISCU deficiency, siRNA treatment was performed on cultured human myoblasts. Short-term depletion of ISCU resulted in decreased Fe-S protein levels in three different cellular compartments, namely mitochondrial matrix (FECH, ferrochelatase), cytosol (PPAT, phosphoribosyl-pyrophosphate amidotransferase) and nucleus (NTHL1, nth endonuclease III-like 1), and also decreased cytosolic aconitase enzyme activity (Supplementary Material, Fig. S1F ). Moreover, cellular iron homeostasis was disrupted by ISCU depletion, as assessed by induction of iron regulatory element (IRE)-binding activities of iron regulatory proteins IRP1 and IRP2, and increased IRP2 and transferrin receptor 1 (TFR1) protein levels (Supplementary Material, Fig. S1G ). qRT-PCR analysis of gene expression in myoblasts revealed significant increases in mRNA levels of MFRN2 and ALAS1 (Supplementary Material, Fig. S1H ), although of lesser magnitude than the increases seen in ISCU patient muscle biopsies. We were unable to observe reproducible changes in FBXL5, TST or NFS1 levels during ISCU depletion in the myoblasts, perhaps due to the relatively short duration of Fe-S cluster deficiency in the siRNA knockdown experiment when compared with the chronic Fe-S cluster deficiency in ISCU myopathy patient muscles.
Type I muscle fiber predominance and enhanced expression of mitochondrial oxidative metabolism genes in ISCU myopathy Skeletal muscles consist of a mixture of different fiber types, including slow-twitch type I fibers, which are rich in myoglobin and mitochondria and are resistant to fatigue, and fast-twitch type II fibers, which rely more heavily on glycolysis to generate contractile force of moderate (type IIa) or very brief (type IIx) duration (21) . The bioinformatics analyses presented above indicated that changes in expression of myofibril structural components in ISCU myopathy patient muscles occurred coordinately, which suggested that alterations in skeletal muscle fiber proportions might contribute to the ISCU myopathy disease phenotype. We found a large group of down-regulated genes that were annotated as structural components of type II fast-twitch glycolytic muscle fibers (Supplementary Material, Table S3 ). We also found a smaller group of up-regulated muscle-specific genes that included the cardiac myosin MYH6 (Supplementary Material, Table S3 ), which is reported to co-express with slow-twitch MHCI in human facial muscles (22) , and in rabbits during glycolytic to oxidative skeletal muscle fiber-type transition (23) . MYH7B, which was previously shown to be expressed in slow-tonic fibers of rat extraocular muscle and in muscle spindle bag fibers (24) , was also significantly up-regulated (Supplementary Material, Table S3 ). Moreover, over 30 genes encoding components of the mitochondrial respiratory chain were increased significantly in ISCU myopathy patient muscle biopsies, but to a level below our cut-off of 1.5-fold (data not shown).
qRT-PCR analysis confirmed profound decreases in type II muscle fiber contractile motor protein myosin heavy chain 1 (MYH1; Fig. 2A ) and the F-actin crosslinking protein a-3 actinin (ACTN3; Fig. 2B ) in ISCU patient biopsies. The creatine biosynthetic enzyme glycine amidinotransferase (GATM) was also strongly down-regulated (Fig. 2C ), whereas expression of MYH6 was increased in ISCU patient biopsies (Fig. 2D ). Monocarboxylate transporters MCT1 and MCT2, which transport lactate and pyruvate as well as ketone bodies and are highly expressed in human type I oxidative fibers (25, 26) , were also significantly increased in ISCU patients ( Fig. 2E and F) . Interestingly, mitochondrial uncoupling protein UCP2, which might function to dissipate the proton gradient formed by the mitochondrial electron transport chain, was also significantly increased in ISCU myopathy and mitochondrial myopathy patient biopsies (Fig. 2G ). Moreover, we observed a profound 16.8-fold average increase in quinolinate phosphoribosyltransferase (QPRT), a key enzyme in the pathway for de novo synthesis of nicotinamide adenine dinucleotide (NAD) (27) in ISCU patient muscle biopsies ( Fig. 2H ), possibly indicating a compensatory attempt to increase NAD+ production in patient muscles.
Functional profiling of the microarray output data using IPA and iProXpress suggested that expression of PPAR-regulated genes in fatty acid utilization pathways increased significantly (Supplementary Material, Table S1 ). Several genes in this group were directly involved in cytosolic fatty acid transport (FABP3, 4 and 6), mitochondrial fatty acid uptake (CPT1A, SLC25A20 and CPT2) and mitochondrial and peroxisomal fatty acid b-oxidation (ETFB, EHHADH, ACAA2, ECH1, ACOX2, MCEE and PCCB) (Supplementary Material, Table S4 ). qRT-PCR verified up-regulation of the functional units of the mitochondrial carnitine palmitoyltransferase system, CPT1A, SLC25A20 and CPT2 (28) (Fig. 2I-K) , as well as the cytosolic fatty acid-binding protein 4 (FABP4; Fig. 2L ), which has also been found to be increased in the muscles of endurance-trained athletes (29) . Our microarray analysis revealed decreased expression of several key glycolytic enzymes, including muscle-specific phosphofructokinase, phosphoglycerate kinase 1, aldolase and muscle-specific enolase (Supplementary Material, Table S4 ). Notably, expression of the muscle-specific lactate dehydrogenase isoform LDHA was significantly decreased by 22.1-fold, whereas the heart LDH isoform LDHB was increased by 3.4-fold (Supplementary Material, Table S4 ).
To assess whether the altered gene expression reported above reflected actual changes in muscle fiber composition in ISCU myopathy patients, vastus lateralis biopsy sections were examined by differential myosin ATPase histochemistry (30) . This revealed an average 22% relative increase in fibers staining at low pH in ISCU myopathy patients, indicative of type I fibers, accompanied by a significantly decreased total fraction of type II fast-twitch fibers (Fig. 2M ), compared with control biopsies. 2DDCt values were analyzed by one-way ANOVA with Holm-Sidak post hoc test to determine statistical significance. (M) Muscle fiber composition in control and ISCU myopathy patient muscle biopsy sections was quantified histochemically by myosin ATPase staining. Type I fibers showed a predominance in patients (n ¼ 3) compared with controls (n ¼ 13), whereas the number of type IIa fibers was significantly lower, and the number of type IIx (IIb) fibers trended lower. Two-tailed, unpaired t-tests were used here to determine statistical significance.
* P , 0.05; * * P , 0.01.
More specifically, type IIa fibers, which show fast shortening speed and the capacity for both aerobic and anaerobic contractile activity, were significantly decreased by 13%, whereas type IIx fast-twitch fibers (formally classified as type IIb by the ATPase method) decreased non-significantly by 9% (Fig. 2M) . Together, these methods suggested that the overall fraction of fast-twitch muscle fibers in ISCU myopathy patient biopsies was decreased, whereas the proportion of type I slow-twitch fibers was increased.
Increased peroxisome proliferator-activated receptor gamma, coactivator 1 alpha protein expression and capillary abundance in ISCU myopathy patient muscles
The coordinately increased expression of fatty acid transport and oxidation genes in the ISCU myopathy patient muscles led us to analyze cellular factors that modulate transcription of these genes. Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1a) is known to positively co-activate the expression of many of the fatty acid oxidation and fiber typespecific genes that we found to be up-regulated in our microarray and qPCR analysis. Although we saw no significant increase in PGC-1a mRNA expression in the patients (Supplementary Material, Fig. S2A ), western blot analysis of control and patient muscle biopsy protein extracts showed that PGC-1a protein expression was increased in both vastus lateralis and gastrocnemius muscle biopsies in two ISCU myopathy patients (Fig. 3A) . Quantification and normalization of PGC-1a protein levels in a separate experiment confirmed that endogenous PGC-1a expression was increased in three different ISCU patients relative to healthy controls (Supplementary Material, Fig. S2B and C).
To further characterize the potential role of PGC-1a in the transcriptional changes we observed in ISCU myopathy patient muscles, we performed immunofluorescence microscopy to ascertain the sub-cellular localization of PGC-1a in patient and control vastus lateralis biopsies (Fig. 3B) . The mitochondrial DNA-encoded gene COX1 provided a qualitative indicator of mitochondrial position and morphology, and nuclei were counterstained stained with DAPI. Immunofluorescence demonstrated both cytosolic and nuclear pools of PGC-1a, a localization that we and others have also observed by western blot [data not shown; (31) ]. Quantitative analysis revealed that patient biopsy sections tended to have a greater proportion of PGC-1a-positive nuclei compared with the two control biopsies (Fig. 3C) . Additionally, mitochondrial COX1 staining was decreased in some patient fibers (Fig. 3C) , which is consistent with previous studies demonstrating a relatively mild deficiency in cytochrome oxidase activity in ISCU myopathy patient muscles (13, 14, 17) . Further immunohistochemical analysis of PGC-1a revealed that one ISCU myopathy patient biopsy showed appreciable numbers of centralized PGC-1a-positive nuclei (Fig. 3D, arrows) , indicative of previous fiber regeneration. Immunofluorescence analysis confirmed strong nuclear PGC-1a staining in these centralized nuclei (Fig. 3E) . Together, these data show that PGC-1a protein expression was increased in ISCU myopathy patient muscles, and that a greater proportion of myonuclei were PGC-1a-positive in these patients.
A recent study reported increased capillaries localized around respiration-incompetent skeletal muscle fibers in biopsies from patients with heteroplasmic mitochondrial DNA mutations (32) , possibly mediated by activation of PGC-1a in these fibers due to energy deficiency (32, 33) . Microarray and qRT-PCR analysis of our ISCU patient muscle biopsies demonstrated significant increases in vascular endothelial growth factor B (VEGFB; Fig. 4A ), the VEGF receptor KDR (Fig. 4B) , hypoxia-inducible factor 2a (EPAS1/HIF-2A; Fig. 4C ) and basic fibroblast growth factor (FGF2; Fig. 4D ) (34) . We also found increased VEGF protein levels in both vastus lateralis and gastrocnemius biopsy protein extracts from ISCU myopathy patients (Fig. 4E) . This increased angiogenesis-related gene expression suggested that enhanced capillary formation might be taking place in our ISCU myopathy patients. Accordingly, we stained gastrocnemius sections from an ISCU patient and the healthy heterozygous offspring of this patient for the capillary endothelial marker protein, CD31. A clear increase in capillary abundance was observed in the patient sections (Fig. 4F) , compared with the unaffected heterozygote (Fig. 4G) , even though the unaffected subject's oxidative capacity in cycle exercise was 3-fold higher than that of the patient. Normalization of capillary numbers to fiber numbers revealed an average of 3.4 capillaries per fiber in the ISCU myopathy patient sections versus 2.3 capillaries per fiber in the healthy heterozygote sections. The ISCU myopathy patient muscle section also showed greater heterogeneity in muscle fiber sizes, as well as a smaller average fiber cross-section (data not shown).
Ketogenic enzyme expression in ISCU myopathy patient muscles
Our microarray data suggested that the rate-limiting mitochondrial enzyme involved in ketone body formation (Fig. 5A) , HMGCS2, was up-regulated in ISCU myopathy patient muscles (Supplementary Material, Table S4 ). In fact, HMGCS2 was the most highly up-regulated gene in our microarray data set. Accordingly, qRT-PCR quantified an average 27-fold induction of HMGCS2 in the ISCU myopathy patients (Fig. 5B) , as well as in one of the non-ISCU mitochondrial myopathy patients (Fig. 5B) . Expression of 3-hydroxybutyrate dehydrogenase (BDH1), which interconverts the two major ketone body species 3-hydroxybutyrate and acetoacetate, was also increased by an average of 3.2-fold in ISCU myopathy patient biopsies (Fig. 5C ). Further evidence of this striking increase in HMGCS2 expression was obtained by performing northern blots using patient and control mRNA samples and a 32 Plabeled RNA probe specific for the HMGCS2 gene (Fig. 5D) . We found that high HMGCS2 mRNA expression was restricted to the ISCU myopathy patient muscle biopsies, and was absent in patient-derived myoblasts, fibroblasts and lymphoblasts (Fig. 5E) , despite varying degrees of ISCU depletion in all of these cell types (11) .
Western blot analysis confirmed that HMGCS2 protein expression was greatly increased in the three different ISCU myopathy patients (Fig. 5F ). To obtain a qualitative assessment of the relative level of HMGCS2 protein expression in the ISCU patients, we ran control and patient biopsy protein extracts alongside tissue protein extracts from a mouse that was starved for 18 h before sacrifice (Fig. 5G) . The data show that the HMGCS2 protein level in ISCU myopathy patient muscle approached that of mouse liver, suggesting that HMGCS2 protein accumulated to biologically significant levels within the patient muscles. However, despite the dramatically increased HMGCS2 levels in patient muscles, circulating plasma ketones measured in two ISCU myopathy patients were not elevated to clinically significant levels (Fig. 5H) .
Elevated muscle FGF21 expression in patient skeletal muscles leads to high plasma FGF21 concentrations Long-term energy starvation has been shown to up-regulate hepatic expression of the secreted endocrine hormone FGF21 (35) . Our microarray data showed that FGF21 expression was robustly increased in patient muscle samples (Supplementary Material, Table S4 ), and qRT-PCR analysis confirmed an average 25-fold induction of FGF21 mRNA in ISCU myopathy patient muscle biopsies, whereas the un-related mitochondrial myopathy patient results ranged from 2-to 67-fold induction of FGF21 mRNA (Fig. 6A) . Western blots of control and patient vastus lateralis biopsy protein extracts also showed a robust increase in FGF21 protein expression in two ISCU myopathy patients (Fig. 6B) . Finally, measurement of circulating FGF21 concentrations in plasma taken from two ISCU myopathy patients as well as five non-ISCU mitochondrial myopathy patients and controls by ELISA demonstrated that the increased skeletal muscle expression of FGF21 in these patients is associated with elevated systemic levels of circulating FGF21 (Fig. 6C) .
The above data suggest that sustained skeletal muscle expression of FGF21 in mitochondrial myopathy patients might lead to measurable increases in circulating FGF21 concentrations. To assess the validity of this hypothesis, we first compared FGF21 protein expression in various tissues derived from mice. We found that FGF21 protein expression in quadriceps and soleus muscle protein extracts was comparable with expression levels in the liver and brain, while the kidney and heart showed even higher FGF21 expression (Fig. 6D) . We also monitored FGF21 protein expression during differentiation of mouse C2C12 myoblasts into multi-nucleated myotubes, and we found that FGF21 protein levels increased substantially during the latter stage of differentiation following myoblast fusion, reaching expression levels comparable with those of mature skeletal muscle and liver (Fig. 6E ).
FGF21 secretion in mitochondrial myopathy patient muscles can be recapitulated in vitro with mitochondrial respiratory chain inhibitors.
To explore the hypothesis that plasma FGF21 in ISCU myopathy and other mitochondrial myopathy patients is secreted directly from respiratory chain-deficient skeletal muscle, we treated cultured myotubes with compounds known to target distinct components of the mitochondrial respiratory chain. Treatment of differentiated primary human myotubes with an inhibitor of complex II (TTFA, theonoyltrifluoroacetone), a specific inhibitor of complex III (antimycin A) or a respiratory chain uncoupler [FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone] resulted in significant and reproducible increases in FGF21 mRNA levels (Fig. 6F) . Similarly, FGF21 mRNA expression was increased in differentiated mouse C2C12 myotubes treated with TTFA, FCCP or the complex IV inhibitor sodium azide (Fig. 6G) . To measure FGF21 protein expression and secretion, we again treated differentiated C2C12 myotubes with respiratory chain inhibitors for 18 h, followed by a 1 h incubation in serum-free protein secretion medium (Fig. 6H) . Our results show that although total intracellular FGF21 protein levels were relatively unaffected by treatment with increasing concentrations of sodium azide, FGF21 protein secretion was dramatically increased in a dosedependent manner (Fig. 6I) . Similar results were observed when cells were treated with TTFA (Supplementary Material, Fig. S3A ), or with FCCP (Supplementary Material, Fig. S3B ). Finally, we assessed the cellular pathway of FGF21 secretion by including brefeldin A, an inhibitor of the classical secretory pathway (36) , during the 1 h secretion period. Brefeldin A strongly inhibited FGF21 protein secretion in both control and sodium azide-treated myotubes (Fig. 6J) , and in TTFA-treated myotubes (Supplementary Material, Fig. S3C ). Together, these results demonstrate that inhibition of the mitochondrial respiratory chain in skeletal muscle leads directly to increased FGF21 expression and secretion via the classical constitutive secretory pathway.
DISCUSSION
Skeletal muscle plays a critical role in organism-level energy metabolism, and is unique in its capacity to adapt to the energy demands of exercise (37) . Fe-S cluster deficiency in the skeletal muscle of ISCU myopathy patients causes profoundly decreased Figure 5 . Induction of ketogenic enzyme expression in ISCU myopathy patient muscle biopsies. (A) Schematic diagram depicting the metabolic pathway of ketone body formation. mRNA levels of the ketogenic enzymes hydroxymethyglutaryl coenzyme-A synthase 2 (B: HMGCS2) and BDH1 (C ) were increased by an average of 27-and 3.2-fold, respectively, in ISCU myopathy patient biopsies. (D) Increased HMGCS2 expression was confirmed by northern blot using a 32 P-labeled RNA probe synthesized from a fragment of the HMGCS2 gene. (E) HMGCS2 mRNA expression levels were evaluated by northern blot in skeletal muscle biopsies, primary myoblasts, fibroblasts and lymphoblasts derived from an ISCU patient and a healthy control. (F) Western blot showed that HMGCS2 protein levels were significantly elevated in patient skeletal muscle biopsies. (G) Western blot of control and patient skeletal muscle biopsies alongside mouse tissue protein extracts shows that HMGCS2 protein levels in ISCU myopathy patient muscles approach the level of HMGCS2 expression observed in the mouse liver. (H) Plasma ketones, measured enzymatically as b-hydroxybutyrate, were assessed in healthy controls, ISCU myopathy patients (samples taken on two different days) and in patients with un-related mitochondrial myopathies. Western blot of mouse tissue extracts showed greatest expression of FGF21 protein in heart tissue, whereas skeletal muscle showed FGF21 protein levels comparable with those in liver. (E) FGF21 protein expression was induced during C2C12 myoblast differentiation. (F and G) FGF21 mRNA expression in human and mouse myotubes was significantly increased following treatment with mitochondrial respiratory chain inhibitors.
* P , 0.05; n ¼ 4 -8 experimental replicates. (H) C2C12 myoblasts were differentiated with low serum medium and then treated with metabolic inhibitors for 18 h. FGF21 secretion into serum-free medium was measured by western blot as described in Materials and Methods. (I) FGF21 secretion was increased following treatment with the complex IV inhibitor sodium azide, whereas intracellular FGF21 protein levels remained nearly constant. Total secreted protein levels were assessed by ponceau-S staining. (J) Sodium azide-stimulated FGF21 secretion was blocked by inclusion of the secretory pathway inhibitor brefeldin A in the secretion medium.
activities of key mitochondrial Fe-S enzymes (4,13), leading to life-long exercise intolerance and sporadic periods of severe weakness and rhabdomyolysis (6) . We hypothesized that chronic Fe-S cluster deficiency would elicit remodeling of gene expression in ISCU myopathy patient muscles. Indeed, we detected up-regulation of several key iron metabolism genes, as well as striking morphological and metabolic remodeling in skeletal muscle as a consequence of chronic Fe-S cluster deficiency. Despite the well-known TCA cycle enzyme deficiencies (13,17), we found increased type I muscle fibers and oxidative metabolism gene expression in ISCU myopathy patients, as well as increased expression and nuclear localization of the transcriptional co-activator PGC-1a (Fig. 7) . Chronic Fe-S cluster deficiency strongly induced the rate-limiting ketogenic enzyme HMGCS2 and the secreted hormone FGF21, leading to elevated plasma FGF21 levels (Fig. 7 ). Our data demonstrate that elevated plasma FGF21 will be a useful indicator of mitochondrial function in ISCU myopathy and confirm its utility in diagnosing other muscle-manifesting mitochondrial disorders (38) .
Altered muscle fiber-type composition and capillary content in ISCU myopathy patients are unique in that they occur in the absence of increased neural stimulation of muscle contraction (39, 40) or regular exercise (41) (42) (43) , and thus likely reflect a cellular response to muscle energy deficiency due to decreased mitochondrial energy production. In contrast to the limited muscle oxidative capacity that accompanies habitual physical inactivity, impaired oxidative metabolism in ISCU myopathy patients leads to increased PGC-1a and HIF-2a expression, which likely drive the increase in type I oxidative fibers and capillary formation that we have observed here (44) . Activation of PGC-1a in patient muscle tissue would lead to stimulated expression of PPARa target genes (45) such as the components of the carnitine palmitoyltransferase system (46), the peroxisomal and mitochondrial b-oxidation systems (47), HMGCS2 (48) and FGF21 (49) , all of which we have observed here in the skeletal muscle tissues of ISCU myopathy patients.
The differences in gene expression patterns between the ISCU myopathy patients and the non-ISCU mitochondrial myopathy patients could be attributed to several factors. Several of the biochemical defects in ISCU myopathy such as profound deficiency in aconitase and SDH activities are unique to these patients. Furthermore, histochemical studies have demonstrated a strikingly homogeneous biochemical defect in ISCU patient muscle biopsies, likely due to robust depletion of ISCU in nearly all patient muscle fibers (4,13 -15,18) . In contrast, the non-ISCU mitochondrial myopathy patients in our study possessed heteroplasmic mtDNA deletions, and the individual myofibers in their muscle biopsies likely exhibit highly differing levels of biochemical impairment (50) , which could impede our ability to observe robust changes in gene expression. Nevertheless, the biopsy from patient 1C in our study showed patterns of elevated expression of mitochondrial fatty acid uptake genes and robust HMGCS2 expression, suggesting that at least some of the effects reported here are not unique to ISCU myopathy. Notably, a previous muscle biopsy from this patient showed a very high percentage (.90% T5543C) of mutant mtDNA (51) .
The dramatically increased expression of the rate-limiting ketogenic enzyme HMGCS2 that we found in patient muscles might reflect an effort to dispose of excess mitochondrial acetylCoA and/or NADH produced from fatty acid oxidation when functions of the TCA cycle and/or respiratory chain function are impaired. In ISCU myopathy patient muscles, where chronic Fe-S cluster deficiency reduces the critical enzyme activities of aconitase and SDH, it is likely that rising acetyl-CoA concentrations diminish the pool of free coenzyme A and limit the activities of pyruvate dehydrogenase and pyruvate carboxylase (52) . Thus, ketone body formation could provide a pathway for the continued oxidation of fatty acids in patient muscles despite severe impairment of the mitochondrial respiratory chain by disposing of acetyl-CoA and by regenerating NAD+. The rapid kinetics of ketone clearance by the heart, brain, kidneys and other organs which retain normal metabolic capacity in ISCU myopathy patients may preclude accumulation of muscle-derived ketones in blood (53); however, functional studies are needed first to validate ketone formation in muscle tissue with high HMGCS2 expression levels. Interestingly, HMGCS2 over-expression has been shown to increase FGF21 mRNA expression in HepG2 cells (54) , whereas FGF21 overexpression increased HMGCS2 protein levels in the mouse liver (35) , suggesting that a feed-forward mechanism might drive expression of these genes in ISCU myopathy patient muscles.
Increased circulating FGF21 levels cause beneficial physiological responses such as decreased plasma triglycerides, elevated insulin sensitivity and enhanced liver fatty acid oxidation (49, 55, 56) . FGF21 can also induce PGC-1a expression (57) , and thus might serve as an autocrine regulator of PGC-1a levels in ISCU myopathy patient muscles. Recently, FGF21 expression was implicated as a key feature of a starvation-like response in skeletal muscle of a mouse model exhibiting progressive mtDNA deletions and adult-onset respiratory chain deficiency (58, 59) . Moreover, increased FGF21 mRNA expression was associated with autophagy deficiency and mitochondrial dysfunction due to Atg7 deletion in mouse skeletal muscle (60) . Thus, FGF21 is emerging as a factor that is responsive to muscle mitochondrial dysfunction.
To our knowledge, our experiments with cultured C2C12 myotubes represent the first direct measurement of increased FGF21 secretion in response to respiratory chain inhibition and energy insufficiency. Our data provide a direct link between the observations of FGF21 mRNA induction in skeletal muscle and elevated plasma FGF21 concentrations in human mitochondrial myopathy patients. These findings strengthen the growing appreciation of skeletal muscle as a secretory-endocrine tissue that modulates whole-body energy metabolism (58, (61) (62) (63) . Furthermore, our finding that FGF21 expression is abundant in mouse heart suggests that cardiac FGF21 levels might be elevated in diseases involving defective cardiac mitochondrial function such as Friedreich's ataxia.
In summary, we have used gene expression analysis to explore the unique pathophysiology of a human mitochondrial myopathy caused by Fe-S cluster deficiency. We conclude that chronic Fe-S cluster deficiency in skeletal muscle induces a unique starvation response that is characterized by a predominance of oxidative muscle fibers and enhanced expression of the fatty acid oxidation machinery, despite significant impairments of the TCA cycle and respiratory chain. Fe-S cluster-deficient patient muscles show dramatically increased expression of the ketogenic enzyme HMGCS2 and enhanced secretion of the endocrine hormone FGF21, suggesting that these clinically relevant biomarkers will be useful for evaluating the efficacy of therapeutic treatments for this and other mitochondrial myopathies.
MATERIALS AND METHODS

Patients, tissue biopsies and primary cell cultures
Patient data are summarized in Table 1 . Impaired muscle oxidative phosphorylation in ISCU myopathy and mitochondrial myopathy patients was indicated by restricted oxygen extraction from blood during maximal cycle exercise (64) . Peak systemic arterio-venous oxygen (a-vO 2 ) difference in the mitochondrial myopathy patients with heteroplasmic mtDNA mutations was 4.5 -8.3 ml/dl, compared with an average peak a-vO 2 difference of 5 ml/dl in the ISCU myopathy patients, and 15 ml/dl in healthy controls (64) . Skeletal muscle biopsies from vastus lateralis were obtained and prepared as described previously (4) . Written informed consent was given by all individuals involved in the study in accordance with the Institutional Review Board of the University of Texas Southwestern Medical Center and the Texas Health Presbyterian Hospital of Dallas. Primary myoblast cells were cultured as described previously (11) . Morphological and biochemical alterations caused by Fe-S cluster depletion in ISCU myopathy patient skeletal muscles. A schematic diagram summarizing the morphological differences between (A) control and (B) ISCU myopathy patient muscle biopsies, as inferred from gene expression analysis, biochemistry, histochemical data and previous studies. ISCU myopathy patient muscle biopsies showed a predominance of type I fibers as well as increased capillary abundance. Previous studies have demonstrated marked mitochondrial proliferation as well as insoluble mitochondrial iron deposits. (C) Biochemical alterations in ISCU myopathy patient muscles due to prolonged Fe-S cluster deficiency and TCA cycle deficits include enhanced mitochondrial fatty acid uptake capacity due to increased expression of fatty acid-binding proteins (FABP), the components of the carnitine palmitoyltransferase system (CPT1A, SLC28A25 and CPTII) and of mitochondrial and peroxisomal fatty acid b-oxidation genes. Up-regulation of the rate-limiting ketogenic enzyme HMGCS2 may reflect an effort to dispose of excess acetyl-CoA as ketone bodies. These alterations in gene expression are likely driven in part by transcriptional activation of PPARa/g and PGC-1a, which can be activated by low ATP levels, high NAD+ levels and/or by autocrine stimulation via increased expression and secretion of the starvation-induced hormone FGF21, which is dramatically increased in the muscles and bloodstream of the patients.
RNA preparation and microarray analysis
RNA from biopsies and cell pellets was prepared using the mirVana TM RNA Isolation Kit (Ambion). RNA quality was verified using an Agilent 2100 Bioanalyzer, and samples were processed by one-cycle target labeling and hybridization with Affymetrix Genechip U133 Plus 2.0 microarrays at the NCIFrederick Laboratory of Molecular Technology. The R/Bioconductor software was used to identify differentially expressed genes in the data set (65) . The robust multi-array average expression measure was applied for background correction, quantile normalization and output of gene expression values in log 2 scale. Normalized unscaled standard error and relative log expression plots were generated for quality assessment. We used the LIMMA package to assess differentially expressed genes, and statistical significance was adjusted for multiple testing by controlling the Benjamini and Hochberg's false discovery rate at 5% (66) . Functional and pathway analyses were performed using the iProXpress platform (http://pir.georgetown.edu/ip roxpress) for gene profiling based on cellular function, pathways and processes (19) . The DAVID bioinformatics database was also used for functional classification (67) , and Ingenuity Pathway Analysis TM software provided clustering of affected cellular processes. The microarray data are available under the GEO accession GSE48574.
Northern blots, qRT-PCR and statistical analysis
qRT-PCR was performed using SYBRw Green (Applied Biosystems) according to the manufacturer's instructions, following reverse transcription of total RNA into cDNA (Applied Biosystems). qRT-PCR primer sequences are listed in Supplementary Material, Table S3 . Relative transcript abundance was calculated using the 2 2DDCt method (68), with GAPDH as the internal control. Non-transformed 2 2DDCt values were analyzed by paired t-tests to evaluate statistical significance relative to controls. Correct qRT-PCR product size was verified by agarose gel electrophoresis, and melting curve measurements were made after every experiment. Northern blots were performed as reported previously (69) . An antisense RNA probe against HMGCS2 mRNA was synthesized using the MAXIScript T7 in vitro transcription kit (Ambion), incorporating a-32 P-cytosine triphosphate. The probe template with T7 promoter was generated by PCR using a human liver cDNA library and the following primers:
siRNA knockdown of ISCU A pool of siRNA oligonucleotides directed against ISCU was purchased from Thermo Scientific/Dharmacon (part# L-012837-01-0005); a pool of non-targeting oligonucleotides served as the control. Primary myoblasts were transfected with 100 nM siRNA using the Neon TM Transfection System (Invitrogen), with settings of 1400 V, 20 ms pulse width and 2 pulses per transfection. The cells were transfected every other day for 6 days and were harvested 2 days after the last transfection.
Muscle fiber-type quantification and CD31 histochemistry
Muscle fiber composition was assessed by acid -base myofibrillar ATPase staining (30) . Vastus lateralis biopsies from 3 ISCU myopathy patients and 13 healthy control subjects were compared. Immunohistochemistry for the capillary endothelial marker CD31 was performed on a patient muscle biopsy, as well as a biopsy from the healthy heterozygous offspring of this patient, as previously described (32).
Immunofluorescence microscopy
As described in Taivassalo et al. (32), 6 mm frozen vastus lateralis biopsy sections were obtained. Samples were blocked using 0.4% Triton X-100, 4% normal goat serum and 2% ovalbumin in PBS at room temperature. After blocking, a mixture of mouse anti-MTCO1 antibody (1/100, Abcam) and rabbit anti-PGC-1a antibody (1/100, Abcam) was applied for overnight incubation. The next day, samples were washed and incubated with a mixture of secondary antibodies (1/400, Alexa fluoro 546 goat antimouse/Alexa fluoro 488 goat anti-rabbit) for 1 h. Sections were washed and mounted with anti-fading media containing DAPI (Vector Laboratories) and analyzed using a confocal microscope (Zeiss LSM710).
For PGC-1a immunohistochemistry, tissue sections were treated with 0.1% H 2 O 2 in PBS for 10 min to block endogenous peroxidase activity, and endogenous biotin was later blocked following the manufacturer's protocol (Avidin/Biotin Blocking Kit, Invitrogen). Samples were blocked and incubated with rabbit anti-PGC-1a antibody (see above) in blocking buffer overnight. Samples were then washed, incubated with biotinlabeled goat anti-rabbit secondary antibody for 1 h. ABC complex (Vector Laboratories) was used to amplify signals, and diaminobenzidine tetrahydrochloride (Sigma) was used as a chromagen. Expression of PGC-1a was analyzed using a bright field microscope (Nikon Eclipse E600).
Western blots
SDS-PAGE and western blotting were performed as described previously (70) using 1.5 mm 4-12% pre-cast bis-Tris gels (Invitrogen). Rabbit polyclonal anti-FECH serum was a kind gift from Dr Harry Dailey. Anti-IRP2, PPAT and ISCU rabbit polyclonal sera were raised against synthetic peptide fragments (20). SDH-B and complex IV, subunit 4 antibodies were from Mitosciences. The rabbit polyclonal HMGCS2 antibody was from Sigma Life Sciences. Mouse monoclonal anti-NTHL1 was from R&D Systems. Mouse monoclonal anti-human TfR1 was from Zymed. PGC-1a antibody for western blotting (H-300) was from Santa Cruz Biotechnology, and the VEGF antibody was from Millipore. RCC1 was a gift from Dr Mary Dasso of NICHD.
Aconitase in-gel assay and electrophoretic mobility shift assay Aconitase was assayed using a coupled assay following native PAGE separation, as described previously (20) . IRP-IREbinding activity was determined by electrophoretic mobility shift assay using a 32 P-labeled ferritin IRE probe, as described previously (20) .
FGF21 ELISA and FGF21 secretion experiments
FGF21 protein levels in plasma from human subjects were measured using a commercially available kit (BioVendor). C2C12 cells were propagated in DMEM medium supplemented with 10% FBS, and confluent cultures were differentiated by switching the medium to DMEM containing 5 mM glucose, 2% heat-inactivated horse serum and 0.4 mg/ml dexamethasone for 4 days. FGF21 secretion from C2C12 myotubes cultured on six-well plates was measured following 18 h incubation with metabolic inhibitors dissolved in C2C12 differentiation medium containing 100 mM palmitic acid conjugated to bovine serum albumin (BSA). Myotubes were washed two times with PBS at 378C, and secreted proteins were collected by incubation of myotubes for 1 h at 378C in 2 ml of secretion medium consisting of a 1:1 mixture of OptiMEM I medium and DMEM medium containing 5 mM glucose, 2 mM glutamine and 110 mg/l sodium pyruvate (Invitrogen). This secretion medium was further modified by the addition of BSA and b-mercaptoethanol at 2 mg/l and 20 mM, respectively. After 1 h, secretion medium was collected and placed on ice, the myotubes were lysed with 200 ml of radioimmunoprecipitation assay buffer and the lysates were snapfrozen and stored at 2808C for western blotting. The secretion medium was then centrifuged at 1000g for 5 min, the supernatant was collected and the volume was adjusted to 5 ml with PBS. Five milliliters of methanol was added to this mixture and mixed by inversion. Next, 1.25 ml of chloroform was added and mixed by inversion, and the resulting suspension was centrifuged for 20 min at 4000g, which resulted in two liquid phases with the precipitated protein located at the interface. The upper phase was carefully aspirated, then 5 ml of methanol was added and the solution was mixed by vigorous shaking. Centrifugation at 4000g for 20 min followed by thorough aspiration of the supernatant resulted in a small protein pellet, which was further air-dried for 20 min. Finally, the pellet was re-suspended in 100 ml of 1× western blot sample buffer, incubated at 958C for 5 min and the solution was clarified by centrifugation at 20 000g for 5 min. Twenty microliters of the supernatant was then subjected to SDS -PAGE and western blotting for FGF21 protein, using a rabbit polyclonal antibody raised against FGF21 (Novus NBP1-59291).
